Physiologic stimuli of connective tissue accumulation in pulmonary vascular remodeling are poorly defined. We postulated that increased pressure within central pulmonary arteries is a stimulus for connective tissue synthesis and the response is dependent on an intact endothelium. Mechanical tension equivalent to 50 mmHg pressure was applied for 4 h to isolated rat main pulmonary arteries (endothelium intact or removed), and incorporation of 114Clproline into collagen, 114Clvaline into elastin, [3HJthymidine into DNA and proal(I) collagen mRNA levels were measured. In intact vessels, tension induced synthesis of collagen (3.1±0.4 vs. 2.3±0.5 [SEMI dpm X 102 I14C1-hydroxyproline/[mg protein* hJ) (n = 10) and elastin (6.1±2.4 vs. 2.9±0.4 dpm X 103 ['4Cjvaline/lmg protein hi) (n = 5) (both P < 0.05). Steady state mRNA levels of proal(I) collagen were also increased by tension (46 vs. 30 X 102 dpm hybridized/100 ng total RNA). However, the stimulus did not increase [3HJthymidine incorporation into DNA. In denuded vessels, tension had no effect on connective tissue synthesis or mRNA level of proal(I) collagen. Messenger RNA levels for v-sis were induced by tension in intact but not denuded vessels. Our findings establish that induction of vascular connective tissue synthesis by mechanical tension is dependent on an intact endothelium.
Introduction
Chronic pulmonary hypertension is associated with marked fibrocellular changes in the pulmonary vascular bed (1) . The stimuli for these anatomic changes are poorly understood, but one stimulus common to many forms of pulmonary hypertension is altered mechanical forces from elevated blood pressure or increased flow. Vascular structures are modified by mechanical forces (2) , and several mechanisms have been proposed. For example, high pressure may act through shear stress to damage endothelium and activate platelets which in turn might lead to the structural changes (3, 4) , or there may be increased passage of serum factors by high pressure (5) . Alternatively, certain cells of the blood vessel wall might respond to the applied load by producing growth or differentiation factors that influence surrounding vascular cells (6) , or cells may respond directly to mechanical forces by elaborating structural or contractile proteins (7) .
In this study, we tested whether static mechanical tension applied to pulmonary artery segments in vitro stimulates cell proliferation and production of connective tissue proteins. We also examined whether the endothelial cell modulates this process by comparing the responses in intact segments to those with the endothelium removed. Short-term (4 h) tension stimulated collagen and elastin synthesis as well as steady-state mRNA levels for type I procollagen, but we were unable to detect increased cell division. The mRNA level for v-sis, a protooncogene that encodes a peptide highly homologous to the B chain of platelet-derived growth factor (PDGF)' (8) , was enhanced by mechanical stimulation. Removal of the endothelium ablated these responses. Our findings suggest that short-term mechanical tension stimulates release of endothelial-derived factors, which increase production of extracellular matrix proteins by cells of the blood vessel wall.
Methods
Materials. Outbred 6-wk-old male Sprague-Dawley (Crl:CD[SD]BR) rats weighing 200-270 g were obtained from Charles River Breeding Laboratories, Wilmington, MA. Solutions were Krebs-Ringer bicarbonate (KRB) (1 18 mM NaCl, 4.7 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO4*7 H20, 2.5 mM CaCl2, 25 mM NaHCO3, pH 7.4), modified KBR (128 mM NaCl, 6 mM KCI, 18 mM Na2HPO4, 16 mM KH2PO4, 1.5 mM MgCl, 5 mM NaHCO3, pH 7.4) and 1X SSC (150 mM NaCl and 15 mM trisodium citrate). Denhardt's solution and 3-(N-morpholino)propanesulfonic acid (MOPS) solution were prepared using standard methods (9) . L-Proline, transfer RNA (type X, from baker's yeast), isoamyl alcohol, spermidine, herring sperm DNA,
[±]-norepinephrine and acetylcholine chloride were purchased from Sigma Chemical Co., St. Louis, MO. Sarkosyl was obtained from ICN Biomedicals, Inc., Plainview, NY and Sephadex G-50 was from Pharmacia Fine Chemicals, Piscataway, NJ. Formamide, SDS, cesium chloride, DTT, guanidinium isothiocyanate, agarose, Tris-HCl, and Eco RI, Ava I, Bam HI, Hind III, Xba I and Pst I restriction endonucleases were supplied by International Biotechnologies, Inc., New Haven, CT. [32P]UTP (3, 200 Animals. Animals were kept for 1 wk before study and were fed water and food ad lib. Approximately two to three animals in each group were used to measure right ventricular pressure to check that the animals were normotensive. Mean right ventricular pressure (measured in animals anesthetized with 50 mg/kg i.p. sodium pentobarbital), hematocrit and the ratio of weights of the cardiac ventricles were measured as previously described (10) .
Preparation of vessel segments. Fresh segments of pulmonary artery, aorta and jugular vein were obtained from separate animals. Two adjacent segments (2-3 mm in length) were excised from the lower third of the thoracic aorta and the main pulmonary artery trunk; one segment (5 mm) was removed from the right and left jugular veins. Tissues were washed twice in PBS and weighed. Each segment of the pair was randomly allocated to a tension or control group. The segment with tension applied was placed on two opposing stainless steel hooks, one of which was fixed and the other connected to a force displacement transducer (FTO 3C; Grass Medical Instruments, Quincy, MA). Both segments were placed in a 10-ml water jacketed organ bath containing 5 ml of KRB and additional components (see below), 37°C, and aerated with 95% 02, 5% C02. The segments were equilibrated for 1 h without tension. After equilibration, the force displacement transducer was adjusted until the desired tension was obtained, and the output was continuously recorded (Dynagraph; Beckman Instruments, Schiller Park, IL). Slight adjustments were made to maintain constant tension during the experiment. The control segment was placed on a stainless steel hook and counterweighed with an opposing weight equivalent to 10 mmHg pressure for the pulmonary artery and jugular vein; 80 mmHg was used for the aorta. To simulate hypertension, tensions equivalent to 25, 50, or 100 mmHg pressure (pulmonary artery), 80 mmHg (jugular vein), or 160 mmHg (aorta) were applied. Static tension was applied for 4 h. In other paired segments, the endothelium was removed by gently rubbing the lumen of the vessel with a cotton-tipped probe. Results between paired segments with and without endothelium were compared.
Mechanical tension. A tangential load was applied to each segment of the pulmonary artery to produce a circumferential wall tension equivalent to that produced by a particular blood pressure (1 1). The tangential load required to achieve an equivalent blood pressure was calculated for each segment based on tissue wt and cross-sectional area.
Cross-sectional area was estimated from the weight and length (unstretched) of each segment using the following formula: area = wt (g)/(length [cm] X 1.05 g/cm3). The tangential load required to achieve an equivalent blood pressure was calculated using the following equation: pressure = (980 dyn/g X tension [g])/area [cm2]) (11) . The internal radius ofthe segment was estimated by measuring halfthe internal diameter using a calibrated eyepiece attached to a microscope. Circumferential wall tension was calculated as the product of blood pressure and radius ( 12 (18) . A positive control representing 100% release from tissue was prepared by pulverizing tissue (5-8 mg) in liquid nitrogen and resuspending in 3.8 ml KRB containing 0.2% Triton X-100 (vol/vol). Samples were centrifuged (10,000 g) for 5 min, and a 0.1-ml aliquot ofthe supernatant was used. The assay was performed at 24°C in a spectrophotometer (model 552; Perkin-Elmer, Eden Prairie, MN). Results were expressed as a percentage of total amount released from tissue ([amount of LDH in medium/LDH in tissue + medium] X 100).
Endothelium-dependent relaxation. In selected vessels, we assessed whether the endothelium was functionally intact by demonstrating endothelium-dependent relaxation in response to acetylcholine (19) . The vessels were prepared as above and placed in 10 ml of modified KRB containing 10 mM dextrose, pH 7.4, at 37°C aerated with 95% 02 and 5% CO2. The rings were connected to force transducers, and changes in isometric tension were recorded. The rings were precontracted with norepinephrine (lo-' to 1o-8 M) until the optimal lengthtension relationship was reached. Rings were washed and allowed to equilibrate for 45 min after which acetylcholine (I0-`to IO-' M final concentration) was added. Each relaxation was expressed as a percentage of the contraction in response to norepinephrine. For statistical calculations, the concentration of the agonist evoking 50% relaxation (IC50 value) was used.
Scanning electron microscopy. Representative segments of pulmonary artery were processed for scanning electron microscopy to assess the endothelial cell layer. In some rings, the endothelium was removed by gentle rubbing with a cotton-tipped probe. Rings were placed under mechanical tension (equivalent to 50 mmHg) for 4 h as described above. After application of tension, tissues were opened longitudinally and placed in 2.5% glutaraldehyde buffered with 0.1 M sodium cacodylate, pH 7.3, for 30 min. Tissues were dehydrated in a graded series of ethyl alcohols, dried, mounted and coated with gold-palladium. Tissues were visualized at 1 50OX with a scanning electron microscope (model 1400; Amray, Inc., Bedford, MA).
Extraction of RNA. Tissue segments were immediately frozen at -70°C after application oftension. Pulmonary artery, aorta, and jugular vein tissues were pooled from 15 to 20 animals and minced with a sterile scalpel. Total RNA was extracted using a guanidinium isothiocyanate-cesium chloride extraction procedure modified from that described by Glisin and associates (20) . The minced tissue was added to 5 vol ofan ice-cold extraction buffer (4 M Experimental protocols. Tissues from separate animals were used to measure collagen synthesis, elastin synthesis, [3H]thymidine incorporation into DNA, lactic dehydrogenase activity and steady-state mRNA levels for proal(I) collagen, the v-sis proto-oncogene and -yactin. For collagen and elastin synthesis and [3H]thymidine incorporation, two groups (intact and denuded endothelium) were studied at 50 and 10 mmHg. For lactic dehydrogenase activity, two groups were used: intact segments at 250 and 50 mmHg and denuded segments at 0 and 50 mmHg.
Eight protocols each consisting of paired groups were used for steady-state mRNA levels for proal(I) collagen and 6 for 'y-actin (Table I) tension. Group 4 was used to test the effect of removing the endothehum on procollagen mRNA levels after application of 50 mmHg tension. Groups 5 and 6 tested the effect of 100 and 25 mmHg tension, respectively. Groups 7 and 8 were used to determine whether the level ofprocollagen mRNA remained unchanged after removal ofthe endothelium. Groups 3 and 4 were also used to assess whether the v-sis mRNA level was increased by 50 mmHg tension and whether the increased mRNA level was reduced by removal of the endothelium. Tissue from paired jugular veins and aortas was used to measure procollagen and actin mRNA levels after application of mechanical tension. Only tissues with intact endothelium were studied. Jugular veins were assessed at 10 mmHg tension to approximate mean venous pressure and at 80 mmHg to simulate the mean systemic BP of a coronary artery venous allograft. Aortic segments were assessed at 0, 80, and 160 mmHg tensions; 80 mmHg is the mean arterial BP of a normal rat and 160 mmHg that of a spontaneously hypertensive rat (26) .
Statistical analysis. Values are mean±SEM, except for quantitative mRNA data, which were from pooled samples. A paired t test (27) was used to analyze data of paired tissues. Two-way analysis of variance was done using ANOVA (28) followed by a Duncan's post-hoc test (29) . Correlations ofdata were made by linear regression analysis using the least squares method and analyzed by the standard error of the estimate (r) (30 Collagen synthesis. In segments with intact endothelium, the rate of collagen synthesis was increased by 35±9% in segments with 50 mmHg tension compared to 10 mmHg tension (Fig. 1 A) (n = 10, P < 0.05). In five of six segments with the endothelium removed, the rate ofcollagen synthesis was less at 50 mmHg than 10 mmHg tension (Fig. 1 B) . However, the mean values of 2.0±0.5 and 1.5±0.2 X 102 dpm/(mg protein' h) were not significantly different (P < 0.2).
Elastin synthesis. In segments with intact endothelium, the rate of elastin synthesis was increased by 110±17% at 50 mmHg compared with 10 mmHg tension (n = 5, P < 0.05) (Fig. 2 A) . In segments with the endothelium removed, 50 mmHg tension produced no significant increase in elastin synthesis (n = 5) (Fig. 2 B) .
Thymidine incorporation. Tension of 50 mmHg did not increase the rate of [3H]thymidine incorporation into DNA in segments with intact (n = 10) (Fig. 3 A) or denuded (n = 8) (Fig. 3 B ) endothelium compared to 10 mmHg. LDH activity. In segments with intact endothelium, tensions of 250 mmHg and 50 mmHg (n = 10 each) produced no measurable LDH activity in the medium. Removal of the endothelium produced increased LDH activity with no tension applied (5.9±2.9% oftotal tissue activity) (n = 6, P < 0.05) and at 50 mmHg tension (6.8±3.3% of total tissue activity) (n = 5, P < 0.05).
Endothelium-dependent relaxation. Acetylcholine induced complete relaxation in all rings with endothelium (100±2%, IC50value5±1 X 10-8M,n = 12).
Scanning electron microscopy. Endothelial cell coverage was complete in the rings removed intact whereas areas of complete endothelial cell denudation were apparent in the vessels that had been rubbed (not shown). Northern blot analysis. Northern blot analysis of total RNA extracted from pulmonary arteries showed a single 4.8-kb band for proa I(I), consistent with the mRNA transcript for rat type I procollagen (22). For v-sis, a single 3.5-kb band was found consistent with the size of the v-sis transcript (31) compared to X RNA/Hind III molecular weight size markers (not shown).
Collagen and actin mRNA. Autoradiograms of filters hybridized with probes for proa I(I) collagen showed increased signal intensity in RNA extracted from pulmonary arteries with 50 mmHg tension compared to 10 mmHg tension (Fig. 4  A) . There appeared to be a less marked increase in the signal intensity for actin in RNA from the same tissues (Fig. 4 A) . In contrast, in RNA extracted from segments without endothelium, there was no detectable difference in the signal intensity for procollagen or actin mRNAs using RNA from tissues after application of 50 mmHg compared to 10 mmHg tension (Fig.  4 B) .
Quantitation of steady-state mRNA levels of the slot blot analyses for groups 1-8 using radiolabeled probes for proa (I) collagen and y-actin are shown in Table I . The results can be summarized as follows. (Group 1) Duplicate measurements at 10 mmHg tension differed by 12% for procollagen and 4% for actin. (Groups 2 and 3) 50 mmHg tension increased procollagen mRNA levels by 52 and 83%, respectively, and had little effect on actin. (32) , may respond to mechanical tension by more rapid production of collagen to limit tissue deformation.
We also found that for a particular level of mechanical tension the percent increase in proa I1(I) collagen mRNA was consistently greater than the corresponding change in levels of y-actin mRNA. Since the -y-actin mRNA encodes a cellular protein, these results suggest that the early response to mechanical tension is relatively specific for enhanced production of extracellular connective tissue proteins. A major finding of this study is that an intact endothelium is required for tension-induced increases in connective tissue proteins. In segments that had been denuded of endothelium before application of mechanical tension, collagen and elastin synthesis and mRNA levels for type I procollagen were not increased. One explanation of this result is that endothelial cells are a major source of the increased connective tissue production. We think this is unlikely for two reasons. First, removal of the endothelium after 4 h of tension made no difference in the mRNA level for type I procollagen. Second, smooth muscle cells and adventitial fibroblasts are considered to be the major sources of interstitial collagen and elastin production in blood vessels (33) . It is also possible that removal of the endothelium altered the passive mechanical properties of the vessel segment so that the applied tension was less than that produced with intact endothelium. This is unlikely, however, since removal of the endothelium has no effect on resistance to passive deformation of isolated blood vessels (34) .
Injury produced by removing the endothelium may have impaired the ability of the tissue to respond to mechanical tension. We found no evidence of injury in tissues with intact endothelium by release of LDH activity, but minimal injury was produced by removing the endothelium. Although we cannot exclude the possibility that injury impaired the ability ofthe denuded segment to respond to mechanical tension, this is unlikely since our results show that denuded segments synthesize collagen and elastin at the same rates as nondenuded segments at equivalent levels of tension (10 mmHg).
Langille and O'Donnell (35) proposed that an endothelial cell-derived factor is involved in vascular remodeling. Four weeks after carotid artery ligation in dogs, the vessels underwent a fixed structural change refactory to vasodilators, but in arteries denuded of endothelium prior to carotid ligation remodeling did not occur. A platelet-derived growth factor (PDGF)-like mitogen produced by endothelial cells was suggested as the mediator involved since PDGF is able to stimulate smooth muscle cell proliferation (36) .
We studied whether PDGF levels in pulmonary artery segments were increased by mechanical tension by measuring the level of v-sis, a protooncogene that encodes a protein with almost complete homology to the B chain of PDGF (8) . In segments with mechanical tension applied, the level of mRNA for v-sis was increased, and this induction did not occur in segments denuded of endothelial cells. The presence of v-sis mRNA in segments denuded of endothelium is probably derived from other vascular cells since PDGF-like material can be made by a variety of cell types including vascular smooth muscle cells (37, 38) .
The increased v-sis expression was related to connective tissue synthesis in the absence of cell proliferation. The short labeling period (4 h) may explain why cell proliferation was not observed; vascular smooth muscle cells (39) Experimental studies suggest that mechanical factors influence connective tissue synthesis in vascular tissues. Blood vessels that sustain the highest tangential tensions have the greatest abundance of collagen and elastin fibers in their walls (44) , and vessels with the greatest pulsatile distension have the highest rates of collagen synthesis (45) . Arteries but not veins of animals with experimental systemic hypertension have increased collagen synthesis (46) , and in newborn calves with hypoxic pulmonary hypertension elastin synthesis is increased in pulmonary arteries but not aortas (6) . Banding one pulmonary artery in rats exposed to hypoxia prevents remodeling on the banded but not the unbanded side (47), suggesting that pressure and flow and not hypoxia are necessary for remodeling. Other studies suggest that mechanical forces act directly on nonendothelial cells in blood vessel walls to stimulate connective tissue synthesis. For example, cyclical stretching of vascular smooth muscle cells grown on extensible membranes results in stimulation of collagen and mucopolysaccharide synthesis (7) . These experiments suggest that mechanical tension is an important physiologic stimulus for vascular remodeling.
Vascular tissue may respond to mechanical stimuli by production of growth or differentiation factors that affect remodeling of the blood vessel wall. Hansson and associates (48) showed that immunoreactive insulin-like growth factor-I is expressed by vascular smooth muscle cells by wall stress. Meacham and colleagues (6) have demonstrated a smooth muscle cell-derived factor in cells grown from pulmonary arteries of calves with hypoxic pulmonary hypertension which selectively stimulates elastin production; hypoxia or increased pressure was postulated to be the stimulus for release of this factor. We found that pulmonary vascular endothelial cells respond to mechanical tension by producing a PDGF-like material. In preliminary studies, we showed that a 4-h application of hydrostatic pressure (50 mmHg) to cultured pulmonary artery endothelial cells induces v-sis expression (49) . Taken together, these findings suggest that certain vascular cells respond to an applied load by elaborating factors that affect growth and matrix production of surrounding cells in the blood vessel wall.
In conclusion, we have shown that mechanical tension causes surprisingly rapid induction of vascular connective tissue synthesis, which appears to be mediated by release of factors from endothelial cells. This mechanism might account in part for the early structural adaptation of central pulmonary arteries to elevated blood pressure.
